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AHHOTaNMA

IIpeamer ucceqoBanus. PerynspHeIM yCIOBHEM, XapaKTEePHBIM ISl MTAKeTHOW MapIIpyTH3alMy, a TaKkXkKe 3a/1ad
TPAHCIIOPTUPOBKH T'PY30B M YHPABICHUS TOTOKAMH, SBISIETCS M3MEHUUBOCTH Tpada, Ha KOTOPOM OCYIIECTBISCTCS
MapHIpyTH3anus. TO YCIOBHE YUUTBHIBAIOT aJITOPUTMEI aallTUBHON MapHIpyTH3alKH, UCIIOIb3YIomue o0ydeHne
¢ nozxkperuieHreM. OJJHAKO NMPH 3HAUYUTEIBHBIX H3MEHEHHSX Ipada CyIIecTBYIONMM alropuTMaM MapupyTH3aluH
Tpebyercs noiHoe nepeodyyeHne. Metoa. [IpeioxkeH HOBBIH METOJI, OCHOBAHHBII HAa MyJITHAI€HTHOM MOJICTMPOBAHUH
C areHTaMHU-KJIOHAMHU, C UCIIOJIb30BAHUEM HOBOW apXUTEKTYphbl HEHPOHHOW CETH ¢ MHOTOI'OJOBBIM BHYTPEHHUM
BHMMaHHEM, KOTOpasi Ipe1o0ydeHa B paMKax MapagnurMbl 00ydeHHs ¢ HECKOJIBKHX B3IUISI0B. AT€HT B TaKOH mapagurme
HCTIONB3YET BEPIINHY KAaK BXO, @ €T0 KJIOHBI TOMEIIEHBI B BEPIINHBI rpada 1 0CyIIECTBIAIOT BEIOOP cocesa, KOTOPOMY
cremyeT nepenars 00beKT. OCHOBHBIE Pe3yJIbTaThl. BBITONHEH CpaBHUTENBHBIN AHAIIN3 C CYIIECTBYIOMINM aITOPUTMOM
MyJIbTHATEHTHOU MapuipyTu3anuu DON-LE-routing Mo CIeAyOUINM dTanam: MpeaodydeHne U cuMyasinus. Jius
KayJI0r0 3Tara PaCCMOTPEHBI 3aIlyCKU C IIOMOLLBIO U3MEHEHHS TOIIOJIOIMHU B IIPOLECCE TECTUPOBAHUS UM CUMYIIALHH.
DKCIIEpUMEHTHI MTOKa3aJIH, YTO IPEII0NKECHHBIH METO MOBBIIICHNS aIallTUBHOCTH oOecredynBaeT IIo0abHyI0
aJIaNITHBHOCTB, YBEJIMYNBAsi BPEMs JIOCTaBKHU IPH INI00AIBHBIX U3MEHEHHUSIX He Oostee ueM Ha 14,5 % oT onTHMansHoro.
IpakTHyeckas 3HAYNMOCTB. [Ipe/yIOKSHHBIH METO MOXKET OBITh UCIIOJIB30BAH JUISl PEILCHUS 3a/1a4 MapIIpy TH3ALHN
CO CIIOKHBIMU (DyHKLHSAMH OLEHKH NMyTH M AMHAMHYECKH MEHSIOLIMMHUCS TOHMOJOTMAMH rpadoB, HAIIpUMED, B
TPAHCHOPTHOM JIOTUCTUKE U IS yIIPABICHUS] KOHBEHEPHBIMU JIEHTAMH Ha TIPOM3BOJICTBE.
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Abstract

A regular condition, typical for packet routing, for the problem of cargo transportation, and for the problem of flow
control, is the variability of the graph. Reinforcement learning based adaptive routing algorithms are designed to solve
the routing problem with this condition. However, with significant changes in the graph, the existing routing algorithms
require complete retraining. To handle this challenge, we propose a novel method based on multi-agent modeling with
twin-agents for which new neural network architecture with multi-headed internal attention is proposed, pre-trained
within the framework of the multi-view learning paradigm. An agent in such a paradigm uses a vertex as an input, twins
of the main agent are placed at the vertices of the graph and select a neighbor to which the object should be transferred.
We carried out a comparative analysis with the existing DON-LE-routing multi-agent routing algorithm on two stages:
pre-training and simulation. In both cases, launches were considered by changing the topology during testing or
simulation. Experiments have shown that the proposed adaptability enhancement method provides global adaptability by
increasing delivery time only by 14.5 % after global changes occur. The proposed method can be used to solve routing
problems with complex path evaluation functions and dynamically changing graph topologies, for example, in transport
logistics and for managing conveyor belts in production.
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BBenenune

3aaua MapuIpyTU3alUU COCTOUT B IIOMCKE ONTUMAITb-
HOTO IyTH MEXJY JAByMs BepuimHamu B rpade [1]. Jus
pelIeHNs AaHHOHN KJIaCCHYEeCKON ONTHUMH3AIMOHHOM Mo-
CTaHOBKH IIPUMEHSIOTCSI aJlTOPUTMBI TUCKPETHOW MaTe-
MaTHKH, KOTOPbIE MOXKHO pa3/IejUTh Ha J[Ba THUMA: JIUC-
TAHIIMOHHO-BEKTOPHBIE allTOPUTMEI (distance-vector) [2]
W aITOPUTMEBI COCTOSHUS KaHama cBs3u (link-state) [3],
HCIIOJIb3YIOLIUE AJITOPUTMbI KpaTUalIIUX MyTEH.

Bonee crnoxHbIe TOCTAHOBKHM yYHTBIBAIOT crienu(pu-
Ky MPEeIMETHBIX 00iacTell NiIu KOHKPETHBIX YCIIOBHH, B
KOTOPBIX HEOOXOANMO OCYIIECTBIISITh MapIIPYTH3ALHIO.
PerynspHbIM yciaoBHUEM, XapaKTepHBIM IS MaKeTHOMN
MapIIpyTH3aLUH, a TAKXKe 3a/1a4 TPAHCTIOPTHPOBKH TPY30B
U yIpaBJICHUS [TOTOKAMH, SIBJISIETCSI K3BMEHYHMBOCTH rpada,
Ha KOTOPOM OCYIIECTBJICHA MapLIpyTH3alus. AanTUBHAS
Mapupytusanus [4, 5] — HampaBieHue UCCIENOBAHUN, B
KOTOPOM HpeAIoNaraeTcs HaXoIuTh PELICHHs [UIsl 3a/1a4i
MapIIpyTH3aI{H, YCTOWYUBBIC K TAKOTO POJIa N3MEHEHHSIM.
ANTOpPUTMBI aJaNTHBHON MapIIpyTH3allMd OCHOBAHBI HA
MaIIMHHOM OOYYEHUH ¥ NPEHMYIIECTBEHHO HCIIONb3YIOT
MYJIBTHAreHTHBIH TTOX0/l HAa OCHOBE O0yUYEHUS C TTOJKpe-
wieHueM [6, 7]. OTMeTHM, YTO MOABISIOTCS HAYYHBIC pa-
00TBI, OCHOBAHHbIE Ha JPYI'HX NPUHIUIIAX MAIIUHHOTO
oOyueHus1, HaIpuUMep — Ha HUCIIOJIb30BAHUU TpaHCOp-
MepoB [8].

V3MeHeHHs B TONOJIOTMH MOKHO YCIIOBHO pa3feiuTh
Ha JIOKaJIbHbIE U mo0anbHble. JIoKanbHbIe — ynaneHue

OJIHOM BEpIIMHBI HJIH OJTHOTO pedpa, I100alIbHbIe — CyIIie-
CTBEHHOE M3MEHEHHe Bcel Torosoruu rpada, Hampumep,
€ro yBeJIMYCHHE WJIM YMEHbIICHHE B /1Ba pa3a. Tak kKak
TEKYIIME aITOPUTMBI MAPIIPYTH3AINH C HCTIOJIb30BAHUEM
00ydYeHHs C TOAKPEINICHHEM B CBOCH OCHOBE COIEpIKAT
MyJbTHareHTHOEe o0yueHue [9, 10], oHn OYeHB XOpOIIO
ATaNTHPYIOTCS K JOKATBHBIM H3MEHEHHUAM, KOTOPBIC TTPO-
UCXOMAT B KOHTEKCTE OTHOHN BepmIuHBI. OHAKO B CITydae
r100aIbHBIX U3MEHEHUN 3TUM aJrOpUTMaM Tpedyercs
MOJIHOE TIepeoOyUeHne, TaKk KaK OHH aJIalITUPOBAHBI CIIle
K cTapoMy rpady.

B Hacrosiiieit pabore npenyiokeH ajJropuTM, peliaro-
Ui TpodieMy T100aTbHOM alanTal|y ¢ NCTIOIb30BaHUEM
00y4eHHMSI C MOAKPETIIICHUEM.

AJITOPUTMBI MAPIIPYTH3ALUH

MapumpyTH3anus ¥ aIanTUBHASI MAPIIPYTH3AIHS.
[Mycts pau rpad G =(V, E), E = {(u,v,param)u,v € V}, te
param — cBOWCTBa pedpa, Takue Kak MPOITyCKHasi CIOC00-
HOCTB MJIM 3ajiep)KKa. Takke MOTyT ObITh U3BECTHBI J10-
MOJIHUTEITHHBIE TAPAMETPBI B 3aBUCMOCTH OT KOHKPETHOM
obJsacTyl MPUMEHEHHUSI, B TOM YUCIIE U K BEPIIMHAM. 33/1aHa
CTOMMOCTbD JIOCTABKH 00BEKTA MKy KaXK/I0H Mapo Bep-
WH cost(u,v,cont), Tae u,v € V' 1 cont — 00CTOATETHCTBA
nepeaadn (Hampumep, Bpems).

BOoJBIIMHCTBO COBPEMEHHBIX aJITOPUTMOB a/IalITHBHOM
MapIIpyTH3alMy HalpaBieHbl Ha pPabOTy CO BPEMEHEM HITH
CTOMMOCTBIO JIOCTaBKH, KOTOPBIE 33/1al0TCsl IIOpedepHO, U
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MyJ'IbTVIaFeHTHaFI aganTMBHaaA MapLlIpyTmn3aumnsa areHTaMmn-KnoHaMu...

BpeMs (CTOMMOCTh) MapuIpyTa — KaK CyMMa 3HauCHHI
(GyHKIUI U1 Kaxoro pedpa, NpuHaUIeKaIero Mapii-
pyty. Takue QyHKINN Ha3bIBAIOTCS AEKOMITIO3UPYEMBIMH.
B Gonee ci10kHOM ciTydae OIEHKA PEIICHHUS] MOXKET IPOU3-
BOJIMTHCS HEIEKOMIIO3UPYEMBIMH (DYHKIHSIMH.

VI3MeHeHMs B TOIIOJIOTHH BBITIOJIHUM ITyTeM yHAaJICHUS
WU BOccTaHOBIeHUS pebep. Ctpororo u GpopMarbHOTO
pa3aeneHust Ha JIOKAIbHbIE ¥ TNI00aIbHbIE H3MEHEHNS MPO-
BECTH HE MPEACTABIACTCS BO3MOKHBIM, OHAKO, HA30BEM
M3MEHEHHE JIOKaJIbHBIM, €CJIM OHO BKIIFOYAET YAAICHNUE UITH
BOCCTAHOBJICHHE OJIHOTO pedpa Ha 3HAYUTEIHHOM MpOMe-
JKYTKE BPEMEHH, YTOOBI QJITOPUTM YCIIeNl IPOBECTH ajarl-
TaIMIO 1 1TOKa3aTh PeJIeBaHTHBIEC Pe3ybTarhl. [T100a1bpHbIe
HM3MEHEHHs] — yJaJeHnue, BOCCTaHOBIICHHE, JI00aBICHUE
BEpIIMH U COOTBETCTBYIOLIUX UM pedep.

Jast oneHKY 1100aJIbHBIX M3MEHEHUH BBEIEM TIOHSTHE
d-okpecTHOCTH Tpada. §-0KPeCTHOCTh HCXOIHOTO Tpada
G = (V, E) — mo6oii rpad, OTyICHHBIN U3 HCXOIHOTO C
TIOMOIIBIO yAAJICHUS WK T00ABIEHUS O BEPIINH U3 WIIH
B rpad. Takum o6paszom, HOBBIA rpad G' = (V', E') Gynet
YAOBJIETBOPSATH CIEAYIOIEMY HEPaBEHCTRY: | V] — o < [V'| <
<|V] + 8.

AJITOPUTMBI 3/IaNITHBHON MapIIPyTH3AIIHH HeJeKOM-
no3upyemsix pyHknmii. st perenust npoodiaeMsl U3Me-
HEHUI B TOMOJIOTHH OOJIBIIIOE PACIIPOCTPAHEHHUE TTOTY YU
QJITOPUTMBI, UCTIOJIB3YIOINE 00yUYESHHUE C TIOIKPETLICHHEM.
PonoHnauanbHUKOM TakUX aaropuTMoB cran Q-routing [10],
TIPUMEHSIONMNH MYIIBTHAT€HTHBIN MOJX0/ JUIs 00y4YeHNsI.
B nmaHHOM anropuTMe KajkJOW BEpIIMHE COOTBETCTBYET
OT/ICJIbHBIN HE3aBUCUMBIH areHT, KOTOPBI OTBEYACT TOJb-
KO 32 MapIIpyTH3aLUIO Yepe3 OAHY CBOIO BepmmHy. Camu
areHThI NCHOJIB3YIOT AJITOPUTM O0YUIEHHS C MOAKPETIIICHH-
em Q-learning [11], KOTOPBIN MOCIIE KaXKIOTO TTOITYyUCHUS
Harpajbl 00HOBISCT (YHKIIUIO TTOJIC3HOCTH () COCTOSIHHHI,
Ha OCHOBE KOTOPOM BIIOCIICACTBHK OyIeT BhIOpaHa CTpa-
Terusi NpUHATHUS pelieHus. B O-routing kaxaoMy areHty
cooTBeTcTBYeT Tabnuna Q(n,d) ¢ OllcHKAMU MUHUAMAJIb-
HOW CTOMMOCTH IIYTH OT TEKYIel BEpPIINHBI JO BEPIIUHbI
d, eciu ciielyronel BepIInHON Ha MyTH Oy/eT BepLIMHA
1, KOTOpasi OOHOBIISICTCSI 32 CYET KOMMYHUKAIIUH MEXKIY
areHTaMu 10cIe epechUIoK. Takas MoJielb 0Ka3ajia CBOIO
5 PEKTUBHOCTD IPH JIOKAIBHBIX N3MEHEHHSX U TI0Ka3asa
BBICOKHMH YPOBEHb a/IallTAIIMH 110 CPABHEHHMIO C TUCTAHIIN-
OHHO-BEKTOPHBIMH AJITOPUTMAMHU U aJITOPUTMAMH COCTO-
STHUS KaHana cBs3u. OnHako anroput™m Q-routing mpen-
ToJIaraeT, 4YTo ONTUMHU3yeMast (GYHKIIHS JIEKOMIIO3UpyeMa.

Bonee coBpeMeHHbIE peLIeHHs! JUIsl alllpOKCUMAIUH
O-dyHkimn ucnonb3ytoT nrydbokue cetu. Ileppoit Obuta
npemioxena Deep O-Network (DON) [12]. Ha ocHoBe
9TOTO peleHus pa3padoTaH ajJropuT™M MapUIpyTH3aLUN
DON-routing [13], o0benunstomuii anroputm Q-routing
u uneu DON, KOTOPbIH IPUBHEC CIIEAYIOIINE U3MEHEHHS.
— Bwmecto Tabmuimel Q ucnoiap30BaHa HEHPOHHAS CETh C

TIPSMBIM PacIpOCTPaHEHHEM, @ OOHOBJIEHHSI IPOUCXO-

JISIT B €€ Becax MPH IMOMOIIH TPAJHEHTHOTO CITyCKa.
— OmneHka MUHIMAIBHOW CTOMMOCTH ITyTH OT TEKyIIeH

BEPUINHBI 10 KOHEUHOH 3aMEHEHa Ha MaTeMaTHIECKOE

OXKHMJJAHUE OIICHOK TIPH BO3MOYKHBIX MEPexXo/iax.

— /[l npuHATHS pelleHus O CIeyIOLleil BepluuHe B

IIyTH BMECTO MPOCTOTO HAXOXICHUSI MHHUMYMa cpe-

JI1 BOBMOXKHBIX TIEPEXO0JI0B MCIOJIBb30BaHa (YHKITHS

Softmax [14], koTOpas MpUMEHEHA K TOJIyYCHHBIM 3Ha-

YEHHSIM.

— Hcnonp3oBan starn npeo0yueHus ¢ OMOIIBI0 00yde-
HUSI ¢ yuuTeseM. JlaHHble 11t ipetoOyueHns creHepy-
pPOBaHBI CIIy4alHBIM 00pa3oM Ha MMeoIIeMcs rpage
0e3 M3MEHEHHH, a B KaueCTBE NMPaBUILHOTO OTBETA
B3ATA JJTIHA KpaTdaifiiero myTH (anroputv JleiKeTpsr).
ApXHTEKTypa HEHPOCETH — CEeTh MPSIMOTO PACIpPO-

CTpaHEHUS C ABYMs CIOSIMH 10 64 Heiipona. B xagecTse

(DYyHKITUY aKTUBAIMH BBIOPAH TUIEPOOTMUESCKUI TaHTEHC.

Ha Bxon HEHpOHHOM CeTH MONAIOTCS BEPIUIMHBI B one-hot

KOAUPOBAaHUM: TCKylllasd BCpIINHA, KOHECYHAd BCpIIMHA

00BeKTa U COCen TeKyIlel BeplnHbl. Takke B Ka4ecTBe

JIOTIOJTHUTEIIBHOTO MapaMeTpa Ha BXO[ ITOJJaeTCsl MaTpHLa

CMEXHOCTH Tpada.

Anroput™m DQON-routing noxkasan npuemieMsle pe-
3yJBTaThl JUISI ONTHMHU3AIMHN CIOKHBIX (YHKINH, OLCHH-
BAIOIINX KAaueCTBO JOCTABKH, OJTHAKO €T0 HEIO0CTATKOM
SIBIIICTCS pa3Mep HEHPOHHOH ceTH. DTOT pa3Mep 3aBUCUT
OT pa3Mepa caMoro rpada, Tak Kak Ha ero BbIxoze chopmu-
pOBaH BEKTOp MpEACKa3aHU JUIs BCEX BEPIINH.

Crnemyromym JTOTHYHBIM yCOBEPIICHCTBOBAHNEM all-
roputma DQON-routing ctan DQON-LE-routing [15]. Bce
OCHOBHBIE KOMIIOHEHTHI anroputMa DON-routing octapie-
HbI, U3MCHCHUS HOCAT TOYCUHBIN XapakTep U CliyKar ajid
n30aBJICHHS OT €r0 HeJJOCTaTKOB: BMECTO one-hot Kogupo-
BaHMS TOJAIONINXCS Ha BXOJ BEPIIMH MCIOIB30BaHbI HX
rpadoBble BEKTOPHBIE IIPE/ICTABICHHS] HA OCHOBE aJITOPHUT-
Ma Laplacian Eigenmaps (LE) [16]; Ha Bx01€e Tpada moaa-
IOTCSI HE BCE COCEIIM Cpasy, a TOIBKO OJMH, M aHAJIOTHIHO
Ha BBIXOJIE TOJTyHaeTCsl IPEACKa3aHNne TOJIBKO [UIsl OJHOTO
KOHKPETHOTO coceria; (GyHKIMEel akTHBAIIMK BMECTO THUIIEp-
OongecKkoro Tanrenca crana ReLu: max(x, 0).

Onucanne pa3p360TaHHOFO MeETOoaAa

OcHoOBHBIE N0JI02KeHUSI HOBOTO MeToaa. [Ipenna-
raeMblii METOJ] OCHOBAH Ha TPEX UICSX.

1. AJITOpHUTM JOJDKEH PAcCMATPUBATh TEKYILYHO BEPIIUHY
Kak BXoJ. /laHHBIN anroput™, Oyay4u 00yUeHHBIM,
MO3BOJISIET T0OABJISITh HOBBIE BEPIIMHBI K TOMOJIOTHH,
He mepeo0ydasich KK/l pa3 Ha HOBOM. B pesyisrare
HCCIIE/IOBAaHUI BO3MOXKHBIX CIIOCOOOB peali3alii JJaH-
HOM M/Ien OCYILECTBIICH Mepexo]l Ha 00y4YeHHe MOJIEeIIH
Ha BceM rpade, a He Ha Ka)K/10i BEepIINHE OTAEIBHO.
[Nonmy4eHHBI aNTOPUTM OCTACTCS MYJIBTHATCHTHBIM, Of1-
HAKO BCC arcHTHI SIBJSIFOTCS KJIOHaMu (twin agents) [17].

2. BcuencTBue oTkaza OT MyJbTHareHTHOCTH, MOJEIb
€JIMHOTO areHTa JIOJDKHA OBITh CIIOXKHEE, YeM MOJe-
JIM areHTOB, HCIOIb3YIOIUXCS B PACCMOTPEHHBIX B
pazjerne « AJIrOpUTMbI MAPIIPYTU3ALUNY» AITOPUTMAX,
MOCKOJIBKY OH JOJDKEH OBITH CIIOCOOCH OIepHpoBaTh
nHpOpMAIen Kak o rpade B IeJIOM, TaK U O CUTYaI[lH
B KOHKPETHBIX BEpIINHAX.

3. OOyucHHE CIOKHBIX Mojesell TpedyeT OoJbineld 00-
yuaromiei BIOOPKHU, OAITOMY HCIOJIB30BAHO MHOXE-
CTBCHHOC Mpeao0yueHre Ha rpadax pa3HOro pasMepa
B IIpefieiax HEKOTOPOil §-0KPEeCTHOCTH M3HAYAIILHOTO
rpada. JlanHoe ycioBue 1aeT BO3MOXKHOCTB ITPUMEHE-
HUsl Ipe1oOydeHHON MO/IeN Ha JII0O0M ciydyailHOM
rpade B 3TOH 3-OKPECTHOCTH.
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Panee B npenoOyueHnn Juisi 0HOTO rpada UCrob30-
BaJIOCh OOJIBIIOE KOJIMYECTBO CHHTETHUYECKHUX JIaHHBIX,
Ha HECKOJIBKO TTOPSKOB MTPEBBILIAIOIIEE pa3Mephl CaMOro
rpada. DTo 1aBaio BO3MOKHOCTH OOY4YHTh HEHPOHHYIO
CeTh MaKCUMAJIFHO TOYHO 11071 KOHKPETHBIN rpad. B HOBOM
MOJIX0/I¢ HET HEOOXOANMMOCTH B TOYHOM OOYUECHHH MOJ
KOHKPETHBIH rpad, 6oee Toro, OHO MOXKET YXyAIIaTh pe-
3yNbTaThl, TaK KaK KaX/bIH pa3 OyneT BO3ZHUKATh TpodieMa
nepeoOydeHns HEHPOHHON ceTn Ha KaxkaoMm rpade. s
yCTenTHOH paboThl peAo0yUeHHe TOIKHO OXBaThIBATh KaK
MOXKHO OOJIbllle pa3HOW MH(POPMAIMU OT pa3HbIX rpados
u3 6-okpecTHoCTH. [10 ATOM MpUYKHE JUTs KaXkJI0T0 HOBOTO
rpada npu MHO)KECTBEHHOM OOYYEHUH TeHEpUpPYyeTCsl He-
00sb1I0M HAOOP CUHTETHYECKHX JIaHHBIX, YTO MO3BOJISIET
YBEIMYHUTH YUCII0 rPpadoB, HCIOJIB3YEMBIX IIPH 00yUCHHH.
Takast 3a1aua B MalmMHHOM OOy4YCHUH NMEET Ha3BaHHE
o0y4eHHue ¢ HeCKOIBKHX B3MIAOB (few-shot learning) [18]
1 3aKJII0YaeTCs B TOM, YTO HEHpOHHas ceTh oOydaeTcs Ha
JIAHHBIX, COIEPKAINX B ce0€ OrpaHNYEHHOE KOJIMYECTBO
nHpopMarmn. Takoi crrocod 0GydeH s TI03BOIISET MOICITH
OBITH O0JIee OOOOIIEHHOM, YTO B KOHTEKCTE 3a4a4M HACTO-
snieil paboThl 03HAYAET CIIOCOOHOCTH 0000IIATHCS 1O Tpa-
(dam. TpaauunoHHBIE MOJEITH, O0YUYCHHBIC KIACCHYCCKUM
Croco0OM, HE CIIOCOOHBI pa3inyaTh KJIACChl, OTCYTCTBYIO-
e B 00yyJaromeM Habope JaHHbIX, B TO BPEMS KaK METOJ
00yueHHMs C HECKOJIBKHX B3IVISIIOB TI03BOJISIET HEHPOHHBIM
CeTSIM pa3zelsiTh JIBa U OoJiee KIaccoB, KOTOPBIX HET B
00yJaroInX JaHHBIX.

MyJbTHAreHTHOE YIpaBJieHHe ¢ aTeHTAMH-KJI0HA-
MH. /7151 COXpaHEHUs] COBMECTHMOCTH C MOJICJIBIO MYJIBTH-
areHTHOTO OOy4YECHHUS UCTIOIb30BAaHO MHOKECTBO arcHTOB.
Bce areHTsl, NpUKpEIUIEHHBIE K BEPIINHAM, HMEIOT BTO-
POCTENEHHBIN XapaKTep U MPUBS3aHbI K OJHOMY JIOTIOJI-
HUTEJIbHO BBEICHHOMY INIABHOMY areHTYy, NIEPEAaroIlero
JIOTUKy 00pabOTKHU pelIeHuil 110 MapuIpy TH3AINH.

VYrpasiisitoriast MoZIeN b OCHOBaHa Ha OTIIPABIICHUSIX CO-
O0IIEHHH MEX/Ty areHTaMH, KOTOPBIE OIPEEISIOT UX JIOTH-

src=AreHT-1
| dst=Arent-2

Ky noBezieHust. OCHOBHBIC COOOIIICHHS OBIBAIOT IBYX BHIIOB:
HEOOXOANMOCTh COBEPILHTH KaKoe-To JeHcTBHE (T1epeciarh
00BEKT JUIsl MapUIPYTH3ALMHK); TIOJIydeHne HOBOH MH Op-
Manuu (Harpajsl 3a COBEpPUICHHOE paHHEe JCHCTBHUE).
Taxxe UMEIOTCS APYTHE CITy)KeOHBIE COOOMIEHUS, KOTO-
pBIe HEOOXOIMMBI JIJIs TIOJTHOLIEHHOH paOOThl CHMYJISIIHH.

B ympasnstomeit cucreme KakJblil BTOPOCTENEHHbIN
areHT XpaHWT B ceOe HIh HHPOPMAIHIO O TOM, K KaKoi
BEPIIMHE OH ITPUHA/IJICKHUT, M CCHUIKY Ha IJIABHOTO arcHTa.
[Tpu nosyueHnu cooOIIeHNsT BTOPOCTEIICHHBIE areHThI T1e-
PECBhUIAIOT ero TIIABHOMY areHTy, 100aBIisisi K COOOILICHUIO
nH(OPMALIUIO O CBOCH BEpIIHHE.

O6paboTka COOOIIECHHI INTABHBIM ar¢HTOM CXOXa C
AQHAJIOIMYHOW 00pabOTKOM JIFOOBIM U3 areHTOB pPaccMo-
TPEHHBIX paHee alNropuTMoB. J[o6aBuM (QyHKIIMOHAT ISt
MOJ/ICP’KKN COOOIIEHUI OT BTOPOCTEIIEHHBIX arecHTOB H
YTeHUS] HHPOPMAIINH O BEPIIHHE, KOTOpas TeIeph MpHU-
XOIUT BMECTE C COOOIICHHEM, a HE XPAHUTCS B CAMOM
areHte. Ml3MeHeHust B cxemMe B3aMMOJICHCTBHSI ar€HTOB IIPU
MCXOTHOM MYJIFTHAT€HTHOM YTIPAaBJICHUH U YIIPABICHUHU Ha
OCHOBE areHTOB-KJIOHOB ITOKa3aHbI Ha puC. 1.

ApxuTexkTypa HelipoHHOM ceTH. PaccMoTpuM BXOJ
npejuiaraemMoil HeliponHoi ceru. [Ipu ogHOM areHte MH-
(hopmarHy TOJIBKO O TEKYIIEH U KOHEYHOW BEpIINHAX HEJl0-
CTaTOYHO, TAK KaK HEWPOHHAsI CETh TETeph JIOIKHA JIeIIaTh
npeJcKa3aHusl B KOHTEKCTe Bcero rpada. s pemenus
JTAHHOM 3a/1aui HeoO0X0MMO MOOYEpEeHO MOoAaBaTh Ha
BXOJI BEKTOPHBIE IIPE/ICTABICHUS BCEX COCE/ICH BEPIINHEI,
B KOTOPYIO TIpHUIIET 00BeKT. Takoii jke MOAX0 MPIUMEHEH
u B anroputme DON-LE-routing. KitoueBoe oTimune —
mo0aBICHNE MaTPHUIIBI CMEKHOCTH K BXOJHBIM TIEPEMCH-
HBIM, TaK Kak HEOOXOAMMO, 9TOOBI HEHpOHHAs CeTh OblIa
Croco0Ha TOICTPaNBaThCs M 00ydaThCs Ha Tpadax pa3HbIX
pasMepoB U TOMOJIOTHA, 2 UHHOPMAITUU O COCETHUX BEp-
[IMHAX B TAKOM CJIy4ae HEJ0CTaTOYHO.

OTMCTI/IM, qTO [[O6aBJ'IeHI/IC MaTpuibl CMEKHOCTHU JJId
UCTIONIBb30BaHMs Ha Tpadax pa3HbIX pa3MepHOCTEil 100aB-

src=AreHT-1
| dst=Arenr-2

I'naBHBIN

7 mepexon ¥ mepecsuika
COOBITHI .z COOBITHS
pedpa Ui .'  OT areHTOB-KJIOHOB
MapuIpyTH3aluy , * K [JIABHOMY areHTy

Puc. 1. VI3menenue cxemMbl B3aUMOJICHCTBHSI arC€HTOB B YIPABJISIOIIEH MOJICITH

SCr — TEKyllasd BEpIINHA, dst — BEpIIMHA HA3HAYCHUA

Fig. 1. Changes in the agent interaction schemes in the control model, scr is the operating vertex, dst is the destination vertex
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JISIFOT HOBYIO ITPOOJIEMY, CYyTh KOTOPOW COCTOHT B TOM, UTO
YHCJIO 3HAYEHUH Ha BXOJIe Y HEMPOHHOW CEeTH He SBISIET-
csl KOHCTaHTOH. B oCHOBY peieHust mpoOiIeMbl BXOIUT
noHsATne 6-okpectHocTy rpada. 3HadeHne 6 3amaerTcs u
(ukcupyeTcst B caMOM Havajie paboThl aJlTOPUTMA, T103-
TOMY YHCIIO BEPIIMH B HAaHOOJBIIEM BO3MOXKHOM Tpade B
TIPOLIECCEe BCEX M3MEHEHHH OyAeT PaBHO 7y, = V] + 8. D10
OrpaHMYEHUE MTO3BOJISET ME€PENaBaTh HA BXOA HEHPOHHOU
CETU MAaTPUILy CMEKHOCTH BCEI/Ia OIIPEAEICHHOTO pa3Me-
pa My X Mpays KOTOpPas OyIeT 3aIlOoJIHATHCS HYJICBBIMU
CTPOKaMH M CTOJIOIIaMHU B Cilyyae, Koria TeKylui rpad He
MaKCHMaJIbHOTO pa3mepa.

Jist TOro 4TOOBI YBEIMYHUTH CIIOKHOCTH MOJIEIH, HC-
10J1b30BaH MEXaHNW3M MHOTOTOJIOBOTO BHYTPEHHET0 BHUMA-
Hus (multi-head self-attention) [19], ciocoOHBIH K BBISBIIC-
HUIO 3aKOHOMEPHOCTH MEXKY Pa3HECEHHBIMU 110 BPEMEHU
T10/1a91 BXOJaMHU.

MHororonoBoe BHIMaHNE B TPEIIaracMoi apXuTek-
Type npuMeHsieTcs ABax/ibl. I1epBblil cioii BHUMaHUSA pac-
MIPOCTPAHAETCS HA BEKTOPHBIE ITPEACTABICHUS BEPIINH Ha
BXOJI€ JUISl HAXOXKICHNUSI 3aBUCUMOCTEH B HUX. J{jist BTOporo
CJIOA MEXaHW3Ma BHUMaHMS K PE3yJIbTaTy MEPBOTO CIIOs
n00aBIsAeTCs BEKTOP TOTO K€ pa3Mepa, OTBEUAIOINH 3a
MaTpHILy CMEKHOCTH.

Ha puc. 2 npencrasiena cxema paboThl MexaHH3Ma
BHUMaHWUs JUIsl Ipe0Opa3oBaHusi BEKTOPHOTO TIpeJICTaBIIe-
HUS TEKYIeH BEpLIMHBI SCF, NCHOIB3YSI HHPOPMAIUIO O
BEKTOPHBIX MPEACTABICHHUIX KOHEUHON U CMEXHOU Bep-
muH. B kauectBe query, key M value ncronb30BaHO OHO
1 TO K€ BXOJHOE BEKTOPHOE IPEJICTABICHHE COOTBETCTBY-
IOILEH BEPILUHBI.

JpyruMm BakKHBIM aCIIEKTOM apXUTEKTYpbl HEMPOHHOH
CETH SABJIAIOTCS CIION HopManu3anuu. Hopmanuzarms npe-

JIOTBpAIlaeT CUILHOEC M3MEHEHUE JUara3oHa 3HaueHUI
B CJIOSIX, YTO MPUBOJUT K TOMY, YTO MOJIEJIb 00ydaercs
ObicTpee M 00JagaeT Jydme crocoOHOCThI0 K 000011e-
Huto [20].

J11st MCnosTb30BaHMsI BTOPOTO CJIOSI MEXaHW3Ma BHUMa-
HHUS C TTOMOIIBIO TTPOCTOH CETH MPSMOTO PACTIPOCTPAHEHHS,
COCTOSIIIEH M3 JIBYX CIIOEB, MAaTpHIla CMEKHOCTH Mpeoo-
Pa30BBIBAETCS] B BEKTOP TOW XK€ [UIMHBI, YTO U BEKTOPHOE
MIPEJICTABICHUE BEPIIMH. 3aTeM dTOT BEKTOP J00ABISICTCS
K U3BMCHCHHBIM ITOCJIC TICPBOT'O CJIOA MEXaHWU3Ma BHUMAaHUA
BCKTOPHBIM ITPEACTABICHUAM BEPIIHMH HAa BXOAC, U IOIYy-
YCHHBIE YEThIPE BEKTOpa IEPEAAOTCSI HA BTOPOU CIIOK.

B cBsi3u ¢ TeM, 4TO coii HEMPOHHOM CETH, MPeNICTaB-
JSIFOIMH CETh MPSMOTO PACHPOCTPAHEHHST HEJOCTATOUCH
JUISL TTIOKPBITHST BO3POCIIETO KOJTMYECTBA BXOIHBIX JaHHBIX,
OH OBUT pacIIMPEH /10 YETHIPEX JINHEHHBIH CIIOEB U OJTHOTO
dropout-cniost [21]. Taxke yBEINYCHO YHCIO HEHPOHOB B
JIMHEHHBIX CJIOSIX. APXUTEKTYpa HOBOM HEUPOHHOM CETH
TIpeicTaBICHA Ha pHC. 3.

IIpenodyuyenus arenta. [IpenoOydeHne BEIIOIHEHO HA
CHHTETUYECKU CTEHEPHPOBAHHBIX JAHHBIX I10]] CYIIECTBY-
IOIIYI0 HEHPOHHYIO CeTh B KOHKpeTHOM rpade. [Ipormecc
npenoOydyeHusi pa3oUT Ha HECKOJIBKO JTaloB, B Hayaje
Ka)XXJIOr0 U3 KOTOPBIX rpad) U3MEHSETCs MyTeM Y/IalIeHHs
wim fo06asienus O BepmnH. TakuM 00pa3oMm, 3a cUeT ¢a-
MIUTUPOBAHHMS alllIPOKCUMHUPYETCsI peto0yueHHe Ha BcexX
rpadax n3 d-okpectHoctu rpada G. CyMmapHO HTepannit
npeoOydeHnst Ha §-OKPECTHOCTSIX MPOM3BOUTCS JOCTa-
TOYHO MHOTO, HO ISl KaXKJIOTO OTAEIBHOTO rpada u3 3Toi
OKPECTHOCTH MX OCYILECTBIISIETCS JOCTATOYHO Masio. B pe-
3yabpTaTe HeHPOHHAS ceTh 00ydaeTcs Ha OONBIIOM KOJTHYe-
CTBE PA3PO3HEHHBIX JIAHHBIX, YTO MO3BOJIET €if OXBATUTh
1 00y4nTHCS HA BCEH O-OKPECTHOCTH rpada.

add
I
ul

%

SOfMAXs » o oo e e e e et e v nnnees SOfMAX @ ¢ 00 s de e eeeeaeeseaagoiimax

—)i score
A

query -)I score
A Yy
/
I key I [ value ] I key l [ value ] key value

M

dst |

br

A
query

Puc. 2. ®parMeHT apXUTEKTypHI C BHYyTPEHHUM BHIMaHUEM JUIsl 00paOOTKH BXOASIIEH BEPIIHHBI SCT

Fig. 2. Scheme of the self-attention mechanism for processing an input vertex scr
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Fig. 3. The proposed architecture of the neural network of the
agent

['eHepanus CHHTETHYECKUX JaHHBIX JUIs IPE00yYSHUsT
COIPOBOXKAETCSI JIOTIOIHUTEIBHBIM [TAPaMeTPOM, KOTOPBIN
O3HAUaeT, Ha CKOJILKO M B KaKyl0 CTOPOHY HY)KHO H3MEHUTh
rpad. YianeHne BepIIrH IIPOUCXOAUT CITydaliHbIM 00pa3zomM
1 COIPOBOXKIACTCSI TIPOBEPKOIl CBAZHOCTH ITOJIyUYCHHOTO
rpada. [Ipu noGaBeHnn BepuH TpedyeTcs 1 oOaBICHIEe
HOBBIX CIyJalHBIX pedep, YMCI0 KOTOPBIX OIPEACIIIeTCS
TaKXKe CIydaliHbIM 00pa3oM B Ipesenax HEKOTOPOro JAu-
arasoHa, KOTOPBIN 337aeTCsl B 3aBUCHMOCTH OT Pa3MEpPOB
H3HAYaIbHOTO rpada. B xauecTBe JaHHBIX HCIOIb3YIOTCS
CJIe/lyIOIIMe 3HAUYCHHMSI: ClIydaiiHasi HadyalbHasi U KOHeuHast
BCPUIMHBI;, OJHA U3 BeplﬂHH-COCGI{Cﬁ; HauMCHbIIass CTOH-
MOCTB ITyTH OT CTapTOBOW BEPIIUHBI JO KOHEYHOMH, Mpo-
XOJISIILIETO YePe3 COOTBETCTBYIOILYIO CMEKHYIO BEPILHUHY;
MarpHIia CMEXHOCTH rpada s BO3SMOKHOCTH ITOJICUETa BEK-
TOPHBIX MPEACTaBICHUI BEPIIMH BO BPeMs IIPeI00yYeHNSI.

Marpuna cMeXHOCTH B T€HEPATOpPEe CHHTETHYECKNUX
JIAHHBIX TIEPEIaeTCsl 3aBEIOMO OOJIBIIOrO pa3Mepa JJIst To-
KPBITHS BCe d-okpecTHOCTH. [Ip 3TOM BO Bpems Tipemnod-
YUEHUS JJIs OZICUETa BEKTOPHBIX MTPEICTABICHHUHN BEPIINH
MaTpHIla TpaHc(HOPMHUPYETCS B CBOCH OPUTHHAIBHBIN BH/T
0e3 JTUITHUX CTPOK U CTOIOIIOB. DTO HEOOXOIUMO IS KOP-
PEKTHOIO MOACYETa BEKTOPHBIX NPEACTABICHUN BEPLIMH
anroputmomM LE [16].

Onucanue padoTsl arenTa. 3a npeo0yueHUueM Cliey-
et (aza pabOTHI areHTa B cpelie. ATCHT HCIOJIB3YET Ty JKE
HEWpPOHHYIO CETh, KOTOPAsi MIPOIILIA CTa HIO MTPE00yYeHNMSI,
W II09TOMY CO3/1aeT 3HAYUTEJIbHBIH MPUPOCT B MMOKa3a-
TessIX MeTpHK. Tak kak 0Oy4eHUIO ¢ MOAKPEIICHHEM He
MPUXOJUTCS cOOMPaTh MH(POPMAIUIO C HYJISI, 3TO MOXKET
MIPUBECTU K TOMY, YTO HEHPOCETh «HE COMIETCS» K ONTHU-
MaJIbHOMY PEIEHHIO Jake B MpocTeimux ciydasx [13].

B cBsi3u ¢ ©13MEHEHHOH apXUTEKTYpPOH HEHPOHHOM CeTH,
AITOPUTM OOYyYEHUsS C MOJKPEIUICHHNEM, OTBEUAIOIINN 3a
MHTEPIPETHPYEMBIN PE3yIIbTaT MapIIpyTH3aINN — OIpe-
JIeTICHNE CIEAYIOEH BEPIINHBI Ha Iy TH, COCTOUT U3 CJIe-
JYIOIINX IIaros.

[Tar 1. HeiipoHHasi ceTh BO3BpaIIaeT OXKUIAAEMYIO
CTOMMOCTD ITYTHU 10 KOHEYHOM BEPUIMHEBI IIPH MEPEXOIC B
KOHKPETHOTO COCe/a.

ar 2. 3amycrus miar 1 uist kaxaoro cocena, GopMu-
pyeTcsl CIIMCOK CTOMMOCTEH BO3MOXHBIX ITyTeil. BriOpaB
MHUHHUMAJIBHBIN MyTh U3 MTOIyYEHHOTO CITUCKa, MOXXHO OBLIO
OBI epeliTH B COOTBETCTBYIOMIETO cocea, HO ATO — Jie-
TEPMUHUCTHYECKAs CTPATEeTHs, U OHA HE TMOAXOAMT JUIIS
UCTIONB3YEMOTO TTOIX0/1a.

[ar 3. K mony4eHHOMY CITUCKY IPUMEHHUM CTaHIapT-
Hyto pyskmmio Sofimax [14] ans momydeHus pacmpenene-
HUSI BEPOSITHOCTHBIX IIEPEX0J0B, GOPMUPYS TEM CaMbIM
CTOXaCTHYECKYIO CTPATEr IO areHTa.

[ITar 4. Ha ocHOBE TOJYYEHHOTO paclpeaeeHus Ciy-
yaliHBIM 00pa3oM BeIOEpeM cocefa, K KOTOpoMy OyaeT
COBEpILIEH NEePEXO/I.

3KCHepHMeHTaJII>HOG HCCJICIOBAHUE

[TpoBeneHO 3KCIIEPUMEHTAIBHOE HCCIIEI0BAHNE, KOTO-
poe coCcTOuT U3 AByX yacTeil. B mepBoii yacTu ucciejoBaH
3Tl MpeaoOydYeHus, Ha KOTOPOM ITPOBEPEHO, UTO pas3pa-
OOTaHHBIN AJTOPUTM JICHCTBUTEIILHO YIYUIIACT KAYeCTBO
paboTHI IPU YBEITMYESHNH YHCIIA ITOAABAEMBIX €MY Ha BXOJ
rpagoB. Bo Bropoii 4acTu npoBeJieHO CpaBHEHHE C aJro-
purmoMm DON-LE-routing [15].

Jnist 3amycka rmporecca nmpeaoOydeHus: OJUH U3 TIIaB-
HBIX TIApaMETPOB — 3HAUCHHE O, B OKPECTHOCTH KOTOPOTO
M3MEHSIOTCS Tpadbl M MPOMCXOAUT 00ydeHue. B kauecTse
MCXOMHOTO Tpada AN IKCTIEPUMEHTOB BBIOepeM Tpad C
12 Bepmmuamu u 17 pebpamu.

J11st cpaBHEHUSI HCTIONb3YEM CUMYIISIIHOHHYIO CHCTEMY,
Ha KOTOPO MpOBeIeHO HccieoBanue anroputmMa DON-LE-
routing. B cucteme cMozenpyeM KOHBEHEPHYIO CUCTEMY,
1 ONITUMHU3UPYEMYIO (DYHKIIUIO, KOTOPAs SIBISIETCS] CyMMOM
BPEMEHH JIOCTaBKU U 3aTPaueHHON Ha repesady dJIeKTpo-
9HEPTHH, 3aBUCSIIEH OT MapUIPyTU3AIHHA BCEX CYMOK.

PesynbraTsl npegodydenusi pa3padoTaHHOIO Me-
Toa. B mpenoOydyeHnn ucmoab3yeM METO HECKOIBKHX
B3INIAIOB. B pesynbrare crenepupyem OObIIOe YHCIIO Tpa-
(hoB pa3HBIX pa3MepOB N3 §-OKPECTHOCTH NCXOIHOTO Tpada
MyTEeM YJaJIeHUs CITyqalHBIX BEPIIMH C COOTBETCTBYIOIIN-
MH pebpaMu WM J0OaBIEHNS HOBBIX CITyJaifHO CTeHEepPHPO-
BaHHBIX BepmnH. OTMETHM, YTO HA BXOJ HEHPOHHOHN CETH
noagaBaJICA OFpaHI/I‘IeHHHﬁ Ha6op CHUHTCTHYCCKUX OTaHHBIX
JUISL Ka)KJI0TO CreHepUPOBAHHOTO rpada.

3HaueHue O YBEJIMYUM UTEPATHBHO OT 3aIlyCcKa K 3aIly-
CKy, TAKMM 00pa3oM MPOBEPsisl MOJEIb HA BCE OOJBIINX
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Puc. 4. Pesynsrarsl npenoOydeHns co 3HaueHusIMH 6 = 1 (@) u 6 =5 (b)
Fig. 4. Results of pre-training withd =1 (a) 18 = 5 (b)

U OOJBIINX M3MEHEHHSX. B kadecTBe QyHKIMHU MOTEPH
BEIOpaHa cpemHeKBaapaTnyHas ommoka. Ha puc. 4 moka-
3aHBI 3TaIBI PE3YIIETATOB MPEI00YUCHHUS ISl CTAPTOBOTO U
TTOCIIE/THETO MCCIIEeIOBAaHHBIX 3HAUeHMH O. Dtam | — mpe-
no0ydeHue C TPaJIueHTHBIM CITyCKOM, KOTOPOE JUTUTCS 10
MOMEHTA NEPECEUEHUS] C KPAaCHON MYHKTUPHOW JIMHUEH.
Oram 2 — mpoBepKa HEHPOHHON CETH.

BunHo, uro Ha rpadukax mnpu srane | KpuBble cTa-
6I/IJ'H>HO CXOOATCA C NPUCYTCTBUEM IMUKOB, KOTOPBIE COOT-
BETCTBYIOT MOMEHTaM W3MEHEHHUs rpada. 3HaueHHUs! TUKOB
yOBIBAIOT, BCIIEICTBUE YETO MOXKHO CJEJIaTh BBIBOJ, 4TO
HeWpOHHas CETh YCIICITHO 00yJaeTcs B TEKyIIeH d-oKpecT-
HOCTH, 1 TIPY M3MEHEHHH TOIIOJIOTHU OHA He nepeolydaeT-
CsI C HYIISI, O Y€M B TOM YHCJIC CBHICTEIILCTBYET PE3yIIETaThI
stama 2. OTMeTHM, YTO cpasy Mocje TOCTIKCHUS MHKa
(byHKIIS OMMOKN CTPEMUTETHHO UAET BHU3, YTO O3HAYACT
ycnenrHoe o0ydeHne HeHPOHHOW CEeTH U B paMKaX OJHOTO
rpada.

Tax kak 1enb MpeayIaraéMoro ajiropuT™Ma — BBIIBUTD
€ro criocoOHOCTh a/IANITUPOBATHCS K KAK MOYKHO OOJIbIINM
U3MCHCHUAM, IPOU3BEAEM 3allyCK C YBCJIMYCHHBIM 3HaA-
yenueMm o (puc. 4, b). BumHo, 4T0 Tpe/uIoKEeHHBIH METO
YCIIEIIHO CIPABIIAETCs Jake IMPU U3MEHEHUSIX TOIOIOTUU
B JIBa pasa.

CpaBHeHHe ¢ CylIeCTBYIOIINM aJropuTmMoM. B kaue-
CTBE CpaBHEHU IpenoOydeHus BEIOpaH anroputM DON-
LE-routing, Tak Kak OH TOKa3all JIYIIHE Pe3yIbTaThl B
aIaNTUBHON MapIIpyTH3aIni. Pe3ysTaTsl cpaBHEHUS TIPH
3HAYCHUH O = 3 IpeCTaBlIeHBI Ha pHc. 5. BuaHo, 9To mpen-
JIO)KEHHBIN B JAHHOW paboTe HOBBIM METO/ 3HAYUTEIHLHO
MIPEBOCXOAMT TMoKazaTenu anroputma DON-LE-routing.

Jist cpaBHEHHMST PE3YJIBTaTOB CUMYJISILIAK ObLT B3SIT aJi-
roput™ DON-LE-routing B €AMHCTBEHHOM SK3EMILIIpE.
[ocne npenodyucnus anroput™m DON-LE-routing v HOBBIT
METOJ1 3aIlyIIEeHbl B CUMYJILIUOHHONW MOJIENH, B KOTOPYIO
Obl1a J100aBIeHa BOSMOXKHOCTD TIOJIHOCTBIO M3MEHSTH TO-
MOJIOTHIO. Pe3ynbTarel 3ayCKOB peACTaBIEHbI Ha puc. 0.

U3 puc. 6, a BUIHO, 9TO MOCIIC N3MEHEHHUS TOTIOJIOTHH,
KOTOPOE TPOU30ILIO0 B CEPEAMHE BCCH CHUMYIISIIIAU, aJTro-
put™ DON-LE-routing 6onee 4eM B TISITh pa3 yXYIIIII

CBOE KauecTBO, MOCJIE YEro JO00yUHIICS, OHAKO BCE CIIe
HE IOCTUT TIEPBOHAYANBHBIX TMoKa3areneit. [Ipu stom ms
pa3paboTaHHOTO METO/Ia U3MCHEHUE TOIIOJIOTHH HUKAK HE
TTOBITUSIIO HA PE3YIBTATHI.

Ha puc. 6, b B mporiecce CUMYISIIAA BBIITOTHEHO IBA
M3MEHEHUSI TOMOJIOTHH. 3aMETHO OOJIBIIIOE TIPEBOCXOCTBO
HOBOTO MeTO/Ia, HaJ cymecTByommM DON-LE-routing.

B paccMOTpeHHBIX IKCIIepUMEHTaX 3HaUYeHUE CPETHETO
BPEMEHHU JIOCTaBKH pa3pab0TaHHOIO ajropuT™a Ipu IIo-
OabHBIX U3MEHEHUSX YBEIMYMBAIOCH HE Ooyiee YeM Ha
14,5 % B otnuue ot anropurma DON-LE-routing, y KOTO-
poro cpeHee BpeMsi JOCTaBKH YBEIMYMBAIOCH B pa3bl. Ha
OCHOBE ITPOBEACHHBIX IKCIIEPUMEHTOB MOKHO 3aKITFOUHTh,
YTO MPEIOKEHHBIN METOJT YCIICIITHO CXOAMUTCS KaK Ha ATa-
T1e TIpe00yIeHUs, TaK U TPH TTOCIEAYIOMICH CUMYIISAIINH C
HCTIOTH30BAaHNEM OOYUICHHS C MOAKPEIUICHUEM.

—— HoBbrit meTon
—— DQN-LE-routing

150

. T T

0 © 200 400 600
Yucio 3mox

CpenHekBapaTnyHas OIKHOKa, OTH. €]I.

Puc. 5. CpaBHEHHE Pe3yabTATOB MPEA00YUIECHUS] HOBOTO METOAA
u anroputma DON-LE-routing B HECKOIBKUX dK3EMIUIIPAX CO
3Ha4YeHueM O = 3

Fig. 5. Comparison of the pre-training results of the new
method and the DON-LE-routing algorithm in several instances
with the value § =3
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3akiarouenne

B pabote mpeniioxkeH METO MOBBIIECHHS aJalTUBHO-
CTHU aJITOpuUTMa MyﬂbTHaFeHTHOﬁ MapupyTu3anuu, Cro-
COOHBIN afanTUpoOBaThCs K JIIOOBIM M3MEHEHHSIM Tpada,
pa3pabOTaHHBINA C yYETOM ITOJXO0J0B, HCIIOJIb3YIOIINXCS
B CYLIECTBYIOIUX PELICHHUSX B 001aCTH 00ydeHHsI C O/~
KpEeIJICHUEM, ¥ ¢ IPUMEHEHUEM HOBOTO MOAX0/a, KaK U B
caMoil CTPYKType ¥ KOMIIOHEHTax aJrOpUTMa, TaK U JUIS
00y4eHHsT HeUPOCEeTH.

BrimonHeHO cpaBHEHHE MeTOAa ¢ anroput™Mom DON-
LE-routing, IBISIFOIIMMCS TIOCIIEIHAM ¥ HAWITYUIINM aJIro-
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